Abstract: Rainfall-induced landslides are a major threat in the hilly and gully regions of the Loess Plateau. Landslide mapping via field investigations is challenging and impractical in this complex region because of its numerous gullies. In this paper, an algorithm based on an object-oriented method (OOA) has been developed to recognize loess landslides by combining spectral, textural, and morphometric information with auxiliary topographic parameters based on high-resolution multispectral satellite data (GF-1, 2 m) and a high-precision DEM (5 m). The quality percentage (QP) values were all greater than 0.80, and the kappa indices were all higher than 0.85, indicating good landslide detection with the proposed approach. We quantitatively analyze the spectral, textural, morphometric, and topographic properties of loess landslides. The normalized difference vegetation index (NDVI) is useful for discriminating landslides from vegetation cover and water areas. Morphometric parameters, such as elongation and roundness, can potentially improve the recognition capacity and facilitate the identification of roads. The combination of spectral properties in near-infrared regions, the textural variance from a grey level co-occurrence matrix (GLCM), and topographic elevation data can be used to effectively discriminate terraces and buildings. Furthermore, loess flows are separated from landslides based on topographic position data. This approach shows great potential for quickly producing accurate results for loess landslides that are induced by extreme rainfall events in the hilly and gully regions of the Loess Plateau, which will help decision makers improve landslide risk assessment, reduce the risk from landslide hazards and facilitate the application of more reliable disaster management strategies.
Introduction
Landslides represent a major geological hazard and play an important role in the evolution of landscapes [1, 2] . Landslides can be caused by a variety of natural or human-induced triggers, such as extreme rainfall, earthquakes and engineering activity, and often result in tragic casualties, tremendous economic losses and ecological environment damage [3] [4] [5] . In particular, numerous landslides occur in the hilly and gully regions of China's Loess Plateau during the rainy season from July to September [6] . In July 2013, prolonged heavy rain fell over an area of approximately 37,000 km 2 in Yan'an in the central part of the Loess Plateau, and this rain induced 8135 landslides, destroyed approximately 10,000 cave dwellings, displaced 160,000 residents and killed 45 people according to the local government [7] . Landslide monitoring and mapping are the most essential measures to protect against landslide hazards and improve risk management. government in 1999, soil erosion on sloping areas has been comprehensively controlled; however, gravitational erosion, such as loess landslides from extreme precipitation events of the Loess Plateau, occurs more frequently [36] . The spatial distribution and mechanisms of loess landslides remain poorly understood because of inadequate investigation and limited knowledge of the nature of loess landslides [7] . Thus, we must study how to more quickly obtain results for loess landslides over a large area with automated/semi-automated methods instead of manual approaches.
The purpose of this study is to provide an effective approach to recognize and map loess landslides by analyzing recognition indices to determine the parameters and their corresponding thresholds. We quantitatively assessed the ability of identification parameters, including spectral, textural and morphometric features, to distinguish landslides from their surroundings using GF-1 satellite imagery combined with a DEM.
Materials and Methods

Study Areas
The study area is located in the Yangou watershed (36 • 27 N to 36 • 33 N, 109 • 28 E to 109 • 35 E) in Yan'an prefecture, which is in a hilly region that is dissected by numerous gullies on China's Loess Plateau (Figure 1a ,b). The watershed measures 48.0 km 2 ; its topography is complex, and the gully density is 2.74 km·km −2 [37] . The study area includes a variety of land uses, such as farmland, orchard, grassland, shrubs, and forest, which are primarily distributed across three topographic positions, i.e., summits, slope areas, and gullies. Most of the farmland is located on summits and in gullies with relatively wide and flat land and better road development. Orchards are cultivated on summits and areas with slopes less than 25 • . Areas with grass, shrubs and forests are primarily located on slopes and in gullies. The exploitation of oil and the expansion of orchards and built-up areas into landslide-prone areas have produced instabilities in potentially unstable slope areas. Loess landslides (Figure 1c ) from heavy and prolonged rainfall are the most serious widespread natural hazards and have caused substantial losses of life and property in recent decades [7, 35] . The investigation of landslide hazards and their prevention represents an urgent task.
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Materials and Methods
Study Areas
The study area is located in the Yangou watershed (36°27′N to 36°33′N, 109°28′E to 109°35′E) in Yan'an prefecture, which is in a hilly region that is dissected by numerous gullies on China's Loess Plateau (Figure 1a,b) . The watershed measures 48.0 km 2 ; its topography is complex, and the gully density is 2.74 km·km −2 [37] . The study area includes a variety of land uses, such as farmland, orchard, grassland, shrubs, and forest, which are primarily distributed across three topographic positions, i.e., summits, slope areas, and gullies. Most of the farmland is located on summits and in gullies with relatively wide and flat land and better road development. Orchards are cultivated on summits and areas with slopes less than 25°. Areas with grass, shrubs and forests are primarily located on slopes and in gullies. The exploitation of oil and the expansion of orchards and built-up areas into landslide-prone areas have produced instabilities in potentially unstable slope areas. Loess landslides (Figure 1c ) from heavy and prolonged rainfall are the most serious widespread natural hazards and have caused substantial losses of life and property in recent decades [7, 35] . The investigation of landslide hazards and their prevention represents an urgent task. 
Proposed Approach
A flowchart of the landslide recognition scheme is shown in Figure 2 . In the beginning, GF-1 images were pre-processed, including an atmospheric correction, orthorectification, and they were fused using the Pan-Sharpening method. The slope gradient and position were derived from the DEM. Synthetic high-spatial-resolution ortho-images combined with topographic slope and elevation were adopted within the multiresolution image segmentation. Then, two more steps were performed for recognition analysis of indices based on the training samples and establishment of the identification rules. Finally, landslide detected accuracy was assessed by comparing with a landside reference map, which was interpreted by a change detection before and after the landslide events and verified with field investigations.
Data Sources and Processing
GF-1 satellite imagery was used in the study to extract the spectral diagnostic features of loess landslides. This imagery was produced by the first satellite to equip a high-resolution land-observation system in China, which launched in April 2013. The satellite is equipped with two imaging systems, namely, the Panchromatic (2-m resolution) and Multi-Spectral (8-m resolution) systems. The GF-1 dataset used in our study was acquired on 15 August 2013 and was made available by the satellite environment center of the Ministry of Environmental Protection. The surface reflectance data of the acquired GF-1 imagery were obtained following radiometric calibration and atmospheric correction, which were performed with the available GF-1 calibration coefficients and the ENVI FLAASH module [38] . Furthermore, the GF-1 imagery was georeferenced and orthorectified using the 5-m DEM created from a 1:10,000 topographic map. Finally, the high-spatial-resolution multispectral GF-1 imagery was enhanced by combining 2-m resolution panchromatic and 8-m resolution multispectral data with the ENVI Gram-Schmidt Pan-Sharpening module [39] .
A high-precision DEM with 5-m spatial resolution was used to calculate the topographic parameters of loess landslides in the study. This DEM was a hydrologically correct DEM that was created from 1:10,000 contour lines, which were obtained from the Shaanxi Administration of Surveying, Mapping and Geo-information using the ANUDEM software [40] . The hydrological boundary of the Yangou watershed and streamlines were derived from a DEM using the ARCGIS software. Then, derivatives such as topographic slopes and positions were calculated. These topographic variables were integrated to separate landslides from their surroundings. 
Proposed Approach
Data Sources and Processing
A high-precision DEM with 5-m spatial resolution was used to calculate the topographic parameters of loess landslides in the study. This DEM was a hydrologically correct DEM that was created from 1:10,000 contour lines, which were obtained from the Shaanxi Administration of Surveying, Mapping and Geo-information using the ANUDEM software [40] . The hydrological boundary of the Yangou watershed and streamlines were derived from a DEM using the 
Object-Oriented Analysis and Segmentation Techniques
An OOA can integrate different types of datasets, such as spectral, textural and topography datasets [41] . Our analysis was conducted using the ENVI Feature Extraction module, which enables segmentation of multi-band images into spectrally diverse components by including spectral characteristics, surface textures and an option to include topographic information in the analysis. It is not practical to attempt to outline landslides using single segmentation because of land cover variability. Therefore, multi-scale segmentation and merging were needed to obtain proper landslide candidate objects, which were controlled by scale, shape, color and compactness parameters. Once objects are appropriately outlined, attribute values for each derived object can be calculated by the ENVI Feature Extraction module.
Multi-scale segmentation and merging were performed to determine favorable loess landslide objects based on GF-1 synthetic high-spatial-resolution imagery (2-m resolution). The scale parameter is highly correlated with the spatial resolution of an image but might not be directly linked to a certain object. To find an appropriate scale value, exhaustive testing and visual verification must still be performed. A trial-and-error method based on scale gradients was adopted to find an approximate and reasonable scale parameter in this paper. Scale segmentation effects related to over-segmentation (a scale value of 15), suitable segmentation (a scale value of 36.8) and under-segmentation (a scale value of 50) are illustrated in Figure 3 . Landslide objects with a segmental scale parameter of 15 were sufficiently fine for the same object to be divided into several parts (Figure 3a ), those with a segmental scale parameter of 36.8 were suitable to effectively delineate landslides (Figure 3b ), and those with a scale parameter of 50 were sufficiently coarse for non-landslide areas to be divided into landslides (Figure 3c ). The option for a smaller scale was more conducive to maintaining the purity of landslide objects, delineating the landslides, and depicting the relevant spectral, spatial, and textural properties of loess landslides. 
Multi-scale segmentation and merging were performed to determine favorable loess landslide objects based on GF-1 synthetic high-spatial-resolution imagery (2-m resolution). The scale parameter is highly correlated with the spatial resolution of an image but might not be directly linked to a certain object. To find an appropriate scale value, exhaustive testing and visual verification must still be performed. A trial-and-error method based on scale gradients was adopted to find an approximate and reasonable scale parameter in this paper. Scale segmentation effects related to over-segmentation (a scale value of 15), suitable segmentation (a scale value of 36.8) and under-segmentation (a scale value of 50) are illustrated in Figure 3 . Landslide objects with a segmental scale parameter of 15 were sufficiently fine for the same object to be divided into several parts (Figure 3a ), those with a segmental scale parameter of 36.8 were suitable to effectively delineate landslides (Figure 3b ), and those with a scale parameter of 50 were sufficiently coarse for non-landslide areas to be divided into landslides (Figure 3c ). The option for a smaller scale was more conducive to maintaining the purity of landslide objects, delineating the landslides, and depicting the relevant spectral, spatial, and textural properties of loess landslides.
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Identification Indices of Loess Landslides
The spectral, textural and some morphometric characteristics of loess landslides were analyzed by comparing landslides and other diverse land covers. The other land covers used for the comparison were selected by the same method adopted for the landslides training set. Table 1 shows the diagnostic indices or quantitative criteria used to characterize landslides based on spectral, texture, and morphometric features used in the study. Topographic attributes, such as slope and position, can be used for classifying landslides and loess flows because the landslides always occur on the sloped areas, and the flows mainly concentrate in the gullies.
Accuracy Assessment
The accuracy assessment was performed using an independent inventory as a landslide reference. This inventory was prepared through heuristic interpretation of images aided by field investigation. Landslide reference objects and ortho-images were rendered on the corresponding DEM in a 3-D visualized environment and were intuitively and accurately selected through visual interpretation. Field investigations of loess landslides within the watershed in November 2013 were also conducted to interpret landslide reference objects in the image. Furthermore, we performed a comparative analysis by using the extracted landslide references with Google Earth maps before the landslides occurred.
Accuracy assessments were performed through an area-based confusion matrix. Some accuracy indices that were recommended by Rau et al. [15] were evaluated in this study, such as the user accuracy (UA), producer accuracy (PA), branching factor (BF), miss factor (MF), quality percentage (QP), and kappa index. Their definitions are stated in the following equations:
1 − PA omission error 
Identification Indices of Loess Landslides
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where TP is a true positive, TN is a true negative, FP is a false positive, FN is a false negative, and TA is the total of an area. Table 1 . List of spectral, texture and morphometry attributes for identification of Loess landslides.
Types Attributes Descriptions
Spectral Reflectance Mean of pixels comprising a segmented object in the blue, green, red or near-infrared band A shape measure that compares the area of the polygon to the area of a convex hull surrounding the polygon. The solidity value for a convex polygon with no holes is 1.0, and this value for a concave polygon is less than 1.0
Roundness
A shape measure that compares the area of the polygon to the square of the maximum diameter of the polygon. The roundness value for a circle is 1, and the value for a square is 4/π Elongation A shape measure that indicates the ratio of the major axis of the polygon to the minor axis of the polygon. The elongation value for a square is 1.0, and the value for a rectangle is greater than 1.0
Rectangular_Fit
A shape measure that indicates how well the shape is described by a rectangle. This attribute compares the area of the polygon to the area of the oriented bounding box enclosing the polygon. The rectangular fit value for a rectangle is 1.0, and the value for a non-rectangular shape is less than 1.0
Results
Identification of Spectral, Texture and Morphometric Characteristics of Loess Landslides
The spectral reflectance in Figure 4 is illustrated by using box plots to distinguish different types of land cover in the Yangou watershed. The NDVI was found to be useful for discriminating landslides from vegetation cover and water areas (Figure 4a) . The values of NDVI for landslides were between 0.13 and 0.34, whereas those for forest (0.67-0.78) and grassland (0.56-0.68) were much higher. The NDVI values for terrace ranged from 0.24 to 0.58 and can be partly discriminated from landslides due to their partly overlapping distributions. Water areas exhibited strong spectral absorption characteristics; therefore, they can be easily removed. We also found that loess landslides have a much higher reflectance in the visible channels (blue, green and red) compared to vegetation cover (Figure 4b-d) and therefore can also be easily discriminated based on their reflectance features.
The reflectance values of roads ranged from 0.09 to 0.12 in the blue spectral region, larger than those of the loess landslides (0.06-0.10) (Figure 4b ). Based on the blue reflectance differences between landslides and roads, considerably large areas covered with roads can be removed. Eliminating terraces, water areas and buildings from landslide candidates by using the reflectance characteristics in the visible spectral region was difficult (Figure 4b-d) . Terrace areas and buildings could be partly removed in the near-infrared band from landslide candidates (Figure 4e ). The reflectance values of terraces in the near-infrared region ranged from 0.23 to 0.33, being higher than loess landslides (0.14-0.25). The results for discriminating terraces from landslide candidates in the near-infrared region were better than those for NDVI, which combined spectral information in the red and near-infrared bands. The least distinct characteristics between landslides and terraces in the red band decreased their detection capacity.
The reflectance values for buildings ranged between 0.06 and 0.18 in the near-infrared regions and could be applied to discriminate buildings from landslide candidates (Figure 4e ). New bands for the hue, saturation, and intensity were created and applied by using a color-space transformation from RGB to HIS (Figure 4f-h) . Based on the observations for hue, saturation, and intensity for these different types of land covers, the transformations were not recommended in this application to discriminate landslides from other types of land covers in addition to forest and grassland because these land cover types had substantially overlapping distributions of hue, saturation, and intensity.
The texture in an image, namely, the frequency of combinations of grey levels, was calculated by using a grey level co-occurrence matrix (GLCM), which was also applied as a diagnostic feature for landslides and other types of land covers ( Figure 5 ). The means of the textures in the visible spectral region (blue, green and red) can clearly discriminate forests and grassland from landslide candidates because of their lower values compared to landslides (Figure 5a-c) . Water areas had the lowest texture values (less than 0.06) in the near-infrared band among these land cover types and could be easily detected (Figure 5d ). The texture values of terraces were between 0.24 and 0.31 in the near-infrared region, higher than those of landslides (0.14 to 0.25), and could also be applied to distinguish terrace areas from landslides but had minimal overlapping distributions for values between 0.24 and 0.25 ( Figure 5d ). The mean texture values of NDVI could also be used to discriminate forests, grassland, water areas and even some terraces from landslides (Figure 5e ). A comparison of texture variances of NDVI revealed the characteristics of these land cover types and enabled differentiation among landslides, water areas and buildings (Figure 5f ). The texture variances of the NDVI of landslides were less than 0.0025, being much lower than those of water areas (0.01-0.025) and buildings (0.002-0.024, minimal overlap). The application of the texture entropy of NDVI produced strongly overlapping results for these land cover types; none proved to be suitable for distinguishing these types (Figure 5g ). Morphometric features can potentially improve classification in OOAs and were also applied to detect landslides in this study ( Figure 6 ). The morphometric characteristics of landslides, such as area, length and compactness, can be used to discriminate grassland from landslide candidates (Figure 6a-c) . The area and length of loess landslides were much smaller than those of grassland (Figure 6a,b) . The compactness of the landslides ranged from 0.13 to 0.21, higher than those of grassland (Figure 6c ). These morphometric characteristics were not suitable for distinguishing between landslides and forests because nearly half of their distributions overlapped (Figure 6a-c) . Water areas could also be removed from landslide candidates according to their area and length ranges (Figure 6a,b) . No land cover type could be distinguished by using the characteristics of solidity (Figure 6d ). Most roads could be removed based on the parameters of roundness and elongation because road objects have much lower roundness and higher elongation compared to loess landslides (Figure 6e,f) . Buildings were not completely differentiated from loess landslides through the application of rectangular-fit, although they have relatively regular shapes (Figure 6g ). Morphometric features can potentially improve classification in OOAs and were also applied to detect landslides in this study ( Figure 6 ). The morphometric characteristics of landslides, such as area, length and compactness, can be used to discriminate grassland from landslide candidates (Figure 6a-c) . The area and length of loess landslides were much smaller than those of grassland (Figure 6a,b) . The compactness of the landslides ranged from 0.13 to 0.21, higher than those of grassland (Figure 6c ). These morphometric characteristics were not suitable for distinguishing between landslides and forests because nearly half of their distributions overlapped (Figure 6a-c) . Water areas could also be removed from landslide candidates according to their area and length ranges (Figure 6a,b) . No land cover type could be distinguished by using the characteristics of solidity (Figure 6d ). Most roads could be removed based on the parameters of roundness and elongation because road objects have much lower roundness and higher elongation compared to loess landslides (Figure 6e,f) . Buildings were not completely differentiated from loess landslides through the application of rectangular-fit, although they have relatively regular shapes (Figure 6g) . 
Topography Characteristics of Loess Landslides
A set of topography variables that were derived from DEMs were applied to separate loess landsides from their surroundings and are illustrated in Figure 7 . Loess landslides usually occur along hill slopes with slopes that range from 10 • to 45 • (Figure 7a ) and with elevations between 1100 and 1250 m (Figure 7b) . The gentle to moderate slopes (less than 25 • ) in our study were often converted to terraces for agriculture purposes and orchards (Figure 7a ). In addition, these terraces were constructed on the summits of hill slopes and therefore were located at the highest elevations (more than 1200 m) compared to other land covers (Figure 7b ). Although these characteristics of the terraces can thus serve as diagnostic features to enable discrimination from landslide candidates, there were more overlapping distributions between landslides and terraces; thus, they cannot be completely separated from each other in these regions. The large areas of buildings could be separated from landslide candidates because these structures are often built near relatively broader gullies and at lower elevations of less than 1130 m (Figure 7b ).
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A set of topography variables that were derived from DEMs were applied to separate loess landsides from their surroundings and are illustrated in Figure 7 . Loess landslides usually occur along hill slopes with slopes that range from 10° to 45° (Figure 7a ) and with elevations between 1100 and 1250 m (Figure 7b) . The gentle to moderate slopes (less than 25°) in our study were often converted to terraces for agriculture purposes and orchards (Figure 7a ). In addition, these terraces were constructed on the summits of hill slopes and therefore were located at the highest elevations (more than 1200 m) compared to other land covers (Figure 7b ). Although these characteristics of the terraces can thus serve as diagnostic features to enable discrimination from landslide candidates, there were more overlapping distributions between landslides and terraces; thus, they cannot be completely separated from each other in these regions. The large areas of buildings could be separated from landslide candidates because these structures are often built near relatively broader gullies and at lower elevations of less than 1130 m (Figure 7b) .
Landslide materials, which usually accumulate or flow along gullies in the hilly and gully regions of the Loess Plateau, often combine with sloping landslides and exhibit similar spectral characteristics (Figure 8 ). When multi-scale segmentation is applied, these materials can be combined together as an object. Discriminating slopping landslides from loess debris flows was found to be difficult. To obtain more reasonable results for loess landslides, we extracted their topographic positions from DEMs, such as those of gullies (Figure 8a) , and separated loess landslides from loess debris flows in the gullies (Figure 8b ). Landslide materials, which usually accumulate or flow along gullies in the hilly and gully regions of the Loess Plateau, often combine with sloping landslides and exhibit similar spectral characteristics (Figure 8 ). When multi-scale segmentation is applied, these materials can be combined together as an object. Discriminating slopping landslides from loess debris flows was found to be difficult. To obtain more reasonable results for loess landslides, we extracted their topographic positions from DEMs, such as those of gullies (Figure 8a) , and separated loess landslides from loess debris flows in the gullies (Figure 8b) .
Landslide materials, which usually accumulate or flow along gullies in the hilly and gully regions of the Loess Plateau, often combine with sloping landslides and exhibit similar spectral characteristics (Figure 8 ). When multi-scale segmentation is applied, these materials can be combined together as an object. Discriminating slopping landslides from loess debris flows was found to be difficult. To obtain more reasonable results for loess landslides, we extracted their topographic positions from DEMs, such as those of gullies (Figure 8a) , and separated loess landslides from loess debris flows in the gullies (Figure 8b ). 
Rules for the Discrimination of Landslides and Other Land Covers
The following algorithm was established based on the identifiable spectral, texture, morphometry and topography characteristics of loess landslides and other land cover types (Table 2) : Landslides = (0.13 < NDVI < 0.34), (0.06 < Blue < 0.10, 1.08 < Elongation < 2.48, and 0.24 < Roundness < 0.62), (0.14 < Near infrared < 0.25, 1100 < Elevation < 1250), and (Variance of texture NDVI < 0.0025)
(1) The values of NDVI are greater than 0.13 and less than 0.34. Forest, grassland and water areas can be completely removed. (2) The spectral values of the blue band were between 0.06 and 0.10. Elongation was higher than 1.08 and lower than 2.48. In addition, roundness was restricted to within 0.24-0.62. Considerable portions of roads could be distinguished. (3) The spectral values of the near-infrared band can range from 0.14 to 0.25, and the elevation can vary from 1100 to 1250. Most areas containing terraces and buildings can be discriminated from landslide candidates. (4) The variance of the NDVI texture was less than 0.0025. A portion of the buildings can be further removed. (5) A cleanup operation was performed to eliminate non-landslide areas occupying parts of an object. (6) Finally, hillslope landslides were separated from loess flows using the extracted gullies.
Detected Loess Landslides and Accuracy Assessment
The landslide detection results and accuracy assessments are illustrated in Table 3 . The training areas of landslide objects (Figure 9a ), which depended on the sizes of villages and quantity of landslides, ranged between 0.05% and 0.70% among the villages in the Yangou watershed, with the total training area comprising 3.62% of the total study area. The detected landslides (Figure 9b ) in the Yangou watershed measured 2.05 km 2 , less than that of the landslide references (2.30 km 2 ). The UA (0.97) and PA values (0.91) were high, which presented lower rates of commission and omission errors. The BF (0.03) and MF values (0.10) were very low, which indicated that the amount of incorrectly categorized and missed landslide pixels was very low and represented a better algorithm for landslide detection.
The QP values were all greater than 0.80, and the kappa indices were all higher than 0.85, indicating better landslide detection with the proposed approach. 
Discussion
OOA approaches have proven to be effective and useful high-spatial-resolution imagery processing techniques for extracting landslides according to previous studies [15, 29] . More reasonable and accurate landslide classifications can be achieved with OOA approaches [16] . In particular, spectral information from landslides and some topographical variables can be integrated with OOAs to greatly improve the identification of landslide. The current major issues of landslide identification with OOAs include the selection of training samples, determination of threshold values, and choice of diagnostic features and a semantic network for classification [15] . Previous approaches for the recognition of landslides were mainly derived from knowledge that was developed by experts for the detection of landslides [14, 15, 28] . In our study, we quantitatively analyzed the spectral, textural, and morphometric properties of loess landslides and topographic characteristics. Furthermore, an appropriate algorithm was developed for the extraction of loess landslides, which were determined from a few training samples (averaged for 3.62% of the total study area in Table 3 ). The identification algorithm of landslides was validated in the hilly and gully loess regions, and the results represented a good assessment (i.e., the QP values were all greater than 0.80 and the kappa indices were all higher than 0.85 in Table 3 ). These accuracy assessments indicated better landslide detection when using the proposed approach.
The NDVI was found to be a very useful method and was considered as an initial criterion in our study, although certain other diagnostic features can also discriminate loess landslides from vegetation cover and water areas (Figures 4-6 ). The hill slopes were exposed after landslide events and exhibited lower reflectivity characteristics compared to surrounding areas covered with vegetation. These changes to the land covers could be best represented by NDVI, which has also been successfully used by previous studies [14, 15] . In our study, we used NDVI as a diagnostic feature to discriminate loess landslides from vegetation cover and water areas (Figure 4a ). The brightness, or the weighted average of the image intensity, has been used as a spectral diagnostic feature in previous studies. Martha et al. [14] used the brightness as a diagnostic feature to remove shadows and rocky areas; shadows have lower brightness and rocky areas have higher brightness compared to landslides. Rau et al. [15] believed that the brightness was sometimes more significant than the NDVI when filtering out vegetation areas and bare soil, except for removing shadows and clouds. In our study, we found that the brightness (intensity) can remove most of the vegetation areas (forest and grassland) and small parts of roads from landslide candidates (Figure 4h ). However, this diagnostic feature was not recommended in this study because the brightness for these land covers, such as forest and grassland, had substantially overlapping distributions with those of landslides ( Figure 4h ) and had relatively poorer ability to distinguish landslides from vegetation areas compared to NDVI (Figure 4a,h ). In addition, clouds did not exist, and shadows were not obvious in the acquired GF-1 image, so the brightness feature was not used in the study.
The texture has seldom been applied in previous studies as a diagnostic feature for landslides and other types of land covers. Martha et al. [14] used the texture means of the red band to discriminate terrace patterns, which exhibit unique textures (terraces are parallel to contours, and their width is largely uniform), in a Resourcesat-1 image with 5.8-m spatial resolution. Our results confirmed that the texture means in the near-infrared region can also be applied to distinguish terrace areas (0.24 to 0.31) from landslides (0.14 to 0.25) in high-spatial-resolution images (GF-1, 2 m), although they have minimal overlapping distributions (Figure 5d ). Furthermore, we found that the texture variances of NDVI proved to be suitable for distinguishing landslides from buildings (Figure 5f ), reflecting the larger heterogeneity of buildings compared to other land covers.
The topographic slope is usually used as a diagnostic indicator; however, a large overlapping distribution existed between loess landslides and terraces in this study (Figure 7a ). In these areas, gentle to moderate slopes (less than 25 • ) were often converted to terraces for agriculture purposes and orchards. Loess landslides often occurred between two sides of the slopes, and their materials were deposited into narrow gullies. When multi-scale segmentation was performed, the hillslope landslides and their deposited materials in the gully, which had smaller slopes, were often segmented as an object, thus creating a relatively large overlapping distribution of topographic slopes between loess landslides and terraces. High elongation and low roundness were found to be very helpful in identifying both major and minor roads (Figure 6f,e) . An alternative and similar diagnostic feature from previous studies, namely, the length/width ratio, can also be helpful to identify roads [14] . Hill slope landslides were separated based on the topographic position (a comprehensive topographic feature of elevation, slope, etc.), which was derived from the DEM, to obtain more reasonable results and to identify and improve the recognition accuracy of loess landslides.
The mapping of loess landslides is an urgent and difficult task due to the large number of loess landslides occurring in regions with complex topographies and numerous gullies. By comprehensively analyzing the spectral, textural, morphometric and topographic properties of loess landslides, we can successfully develop a suitable algorithm to distinguish loess landslides, rationally assess landslide hazards and reduce landslide damage by adopting proper mitigation measures.
Landslide recognition is very important in loess areas. Our proposed method potentially provides a way to quantify parameters by analyzing recognition indices. However, at the present stage of development, several issues remain to be solved in the future, such as the limitations and drawbacks related to real application in other areas or for other landslide types. Thus, the parameters need to be adjusted according to the specific research situation when applied in other areas. Although the parameters and their thresholds for landslide recognition must be adjusted case by case, our method provides a concept and a similar procedure for determining parameters and their thresholds in different areas where different types of landslides can occur. Some common parameters and their thresholds can also be used in other landslide identification studies.
Conclusions
This paper has demonstrated the use of a combination of spectral, textural, and morphometric information and some auxiliary topographic parameters to detect loess landslides in the hilly and gully regions of the Loess Plateau. Multi-scale segmentation and merging based on an object-oriented analysis were conducted to obtain favorable loess landslide candidate objects. We quantitatively analyzed the characteristics of the spectral, textural, morphometric and topographic properties of loess landslides rather than using expert knowledge. In this study, NDVI was found to provide the best representation for separating vegetation cover and water areas from landslide candidates in the hilly and gully regions of the Loess Plateau. The spectral characteristics of the blue regions and the morphometric parameters, such as elongation and roundness, can assist in identifying roads. The spectral properties in near-infrared regions, textural variance of NDVI, and topographic elevation can be used to effectively discriminate terraces and buildings. Additionally, the partly overlapping distributions of some diagnostic features demonstrated their discriminative abilities when applied to different land covers. This method shows great potential in rapidly producing results after landslides induced by extreme rainfall events occur in the Loess Plateau.
